Terrestrial source areas are linked to deep-sea basins by sediment-routing systems, which only recently have been studied with a holistic approach focused on terrestrial and submarine components and their interactions. Here we compare an extensive piston-core and radiocarbon-age data set from offshore southern California to contemporaneous Holocene climate proxies in order to test the hypothesis that climatic signals are rapidly propagated from source to sink in a spatially restricted sediment-routing system that includes the Santa Ana River drainage basin and the Newport deep-sea depositional system. Sediment cores demonstrate that variability in rates of Holocene deep-sea turbidite deposition is related to complex ocean-atmosphere interactions, including enhanced magnitude and frequency of the North American monsoon and El Niñ o-Southern Oscillation cycles, which increased precipitation and fluvial discharge in southern California. This relationship is evident because, unlike many sediment-routing systems, the Newport submarine canyon-and-channel system was consistently linked to the Santa Ana River, which maintained sediment delivery even during Holocene marine transgression and highstand. Results of this study demonstrate the efficiency of sediment transport and delivery through a spatially restricted, consistently linked routing system and the potential utility of deep-sea turbidite depositional trends as paleoclimate proxies in such settings.
Introduction
Submarine fans comprise sediment-gravity flow deposits at the terminus of sediment-routing systems in the deep sea, and as such, they generally represent the final resting places of terrigenous sediment (Menard 1955; Normark 1970; Allen 1997 Allen , 2008a . Therefore, deep-sea deposits often contain relatively complete records of sediment flux from land to sea (Einsele et al. 1996; Romans et al. 2009 ). However, sediment can be sequestered en route to a deep-sea basin in accommodation along the routing system (e.g., rivers, flood plains, estuaries, subsiding deltas), thereby potentially introducing significant lag time between onshore forcings and offshore deposition (Milliman and Syvitski 1992; Allen 2007 Allen , 2008a . This is common in extensive sediment-routing systems that drain large propor-tions of continents, in which the lag time might exceed millions of years (Milliman and Syvitski 1992; Mé tivier and Gaudemer 1999; Castelltort and Van Den Dreissche 2003) . As a result, climatic signals recorded in terrestrial-derived proxies (e.g., tree rings, pollen; Stokstad 2001) might not be faithfully reflected by contemporaneous deep-sea fan deposition.
Here we compare an extensive piston-core and radiocarbon-age data set from the latest Pleistocene-to-Holocene Newport deep-sea depositional system offshore southern California to contemporaneous high-resolution paleoclimate data. Unlike many deep-sea systems, particularly those of passive continental margins with extensive sedimentrouting systems and broad shelves (Posamentier et al. 1991) , the smaller Newport canyon-and-channel system actively delivered sediment to the fan during the Holocene marine transgression and highstand (cf. Piper and Normark 2001; Covault et al. 2007; Normark et al. 2009; Romans et al. 2009 ). Therefore, the spatially restricted southern Cali-fornia sediment-routing system of this study, including the offshore Newport deep-sea depositional system and the onshore Santa Ana River drainage basin, is an ideal natural laboratory in which to assess the efficiency of climatic signal propagation and to demonstrate the utility of deep-sea fan deposits as a paleoclimate proxy resource (cf. Figueiredo et al. 2009 ). This study represents an early step toward the development of more holistic models of sedimentary systems, including terrestrial and submarine components and their interactions, and it highlights the need for additional, highly temporally resolved studies of large and small sedimentrouting systems.
Southern California Sediment-Routing System and Holocene Climate
The southern California sediment-routing system of this study includes the onshore Santa Ana River watershed, which drains steep, tectonically active terrain of the Peninsular Ranges and the San Gabriel and San Bernardino mountains of the Transverse Ranges and the Newport deep-sea depositional system of the California borderland ; fig. 1 ). The California borderland is the tectonically active region offshore southern California characterized by a relatively narrow shelf and complex basin-and-ridge bathymetry (Shepard and Emery 1941; Ryan et al. 2009 ). The Newport deep-sea system includes a tributary network of canyons and channels that coalesce at ∼600 m below present sea level (m bpsl) in the Gulf of Santa Catalina, which is a basin of the inner (i.e., landward) segment of the borderland ; fig. 1 ). The Newport channel exhibits a serpentine morphology around prominent knolls, and it spills into a seaward basin at ∼800 m bpsl ( fig. 1) . Normark et al. (2009) indicated that the Newport canyon-and-channel system is longer (∼130 km) than other systems on the seafloor of the borderland. Today, a single canyon head of the Newport tributary network is connected to the Santa Ana River mouth (Warrick and Milliman 2003; Normark et al. 2009 ; fig. 1 ). Normark et al. (2009) interpreted that this single canyon received sediment from fluvial effluents and mass-wasting processes in the canyon and steep outer shelf during the Holocene marine transgression and highstand based on lack of hemipelagic sediment draping the canyon floor and U.S. Geological Survey piston cores containing recently deposited turbidites ). The contribution and timing of fluvial effluents relative to mass-wasting processes in the canyon and steep outer shelf to the initiation of sediment gravity flows in the Newport system are unknown. However, it is likely that a variety of sediment-gravity-flow initiation mechanismsfrom earthquakes associated with the tectonically active borderland setting to hyperpycnal sedimentladen fluvial effluents and deltaic sediment buildup and failure-contributed to the excavation of Newport Canyon (cf. Normark et al. 2009; Piper and Normark 2009; Romans et al. 2009 ). The sediment flux from the Santa Ana River is among the largest fluxes reported for semiarid southern California rivers measured during the twentieth century, during which time its discharge achieved hyperpycnal concentrations of suspended sediment during El Niñ o-Southern Oscillation (ENSO)-induced flood events (Warrick and Milliman 2003) . The steep terrain of the Santa Ana River drainage basin predominantly includes relatively resistant Jurassic and Cretaceous plutonic rocks of the Peninsular Ranges and the relatively unconsolidated Tertiary and Quaternary sediment and sedimentary rocks of the Transverse Ranges (Inman and Jenkins 1999) . The Newport Canyon head also receives a relatively small proportion of sediment from longshore currents of the San Pedro littoral cell (Masters 2006; Normark et al. 2009;  fig. 1 ).
Southern California climate has been directly monitored since the nineteenth century, a time period too brief to provide an understanding of climatic variability and forcing mechanisms over millennial durations. Proxy measurements from lake sediment are commonly employed in order to reconstruct climate of the more distant past, such as the Holocene epoch (Stokstad 2001) . However, local lake conditions can limit the applicability of such proxy records across a broad geographic area (Verschuren 2003) . Climate proxies, including magnetic susceptibility, HCl-extractable Al, total inorganic P, total organic matter, and CaCO 3 percentage, from drill cores in Lake Elsinore of the relatively small San Jacinto River drainage basin (!1,240 km 2 ; fig. 1 ) provide the first complete Holocene record of terrestrial climate in southern California (Kirby et al. 2007; fig. 2) . Figure 2 shows plots of these climate proxy measurements, which Kirby et al. (2007) interpreted to represent onshore southern California variability in precipitation and sediment flux since 9.5 ka (see also Kirby et al. 2004) . These, and other, proxy measurements were rigorously quantified in order to make qualitative, relative estimates of paleoclimate (Kirby et al. 2007) . Therefore, precise numbers of climatic variability, such as precipitation or fluvial discharge, are not available. There is a plethora of information available for twentieth-century precipitation and Figure 1 . Southern California sediment-routing system of this study. Terrestrial segment includes the Santa Ana River drainage basin. The San Joaquin Hills, Lake Elsinore, and San Jacinto River drainage basins are identified. The submarine segment includes the San Pedro littoral cell and the Newport deep-sea depositional system. The offshore basin is the Gulf of Santa Catalina. The most recently active submarine conduit is highlighted with a dashed black line. Piston-core locations are white circles; cores used for deposition rates are identified with crosses. Submarine contour interval is 100 m. Base topography and bathymetry from GeoMapApp and Gardner and Dartnell (2002). fluvial discharge in southern California (e.g., Inman and Jenkins 1999; Warrick and Milliman 2003) ; however, the twentieth century is an extremely small period of observation in the context of our Holocene study. Proxies indicate a wet early Holocene, followed by a long-term drying trend, which is attributed to changes in summer/winter insolation (Wells and Berger 1967; Kirby et al. 2005 Kirby et al. , 2007  fig. 2 ). Minimum winter and maximum summer insolation during the wet early Holocene increased the frequency of winter storms and enhanced the magnitude and spatial extent of the North American monsoon, the frequency of land-falling tropical cyclones, and the occurrence of regional convective storms (Kirby et al. 2007 ). The wet early Holocene is interpreted to have been effective at eroding and transporting sediment across the steep terrain of the San Jacinto River drainage basin to Lake Elsinore (Kirby et al. 2007) . By extension, we posit that these wet conditions in southern California facilitated the transfer of sediment through other drainages, including the Santa Ana River drainage that Figure 2 . California climate proxies. a-e, Proxies from Lake Elsinore from Kirby et al. (2007) . f, Alkenone sea surface temperature (SST) from Ocean Drilling Program (ODP) site 1019 (Barron et al. 2003) . ENSO p El Niñ oSouthern Oscillation.
feeds the Newport deep-sea depositional system (Kirby et al. 2007 ). This inference is supported by Inman and Jenkins (1999) , who show a strong positive relationship between precipitation and river sediment flux over the twentieth century in southern California.
Marine and terrestrial-derived climate proxies (diatoms, alkenones, pollen, CaCO 3 percentage, and total organic carbon) from Ocean Drilling Program (ODP) site 1019 offshore northern California (41.682ЊN, 124.930ЊW, 980 m bpsl) document a 100-yr resolution climatic evolution of coastal California since 16 ka (Barron et al. 2003; fig. 2 ). Similar to the Lake Elsinore record, ODP site 1019 reflects a wet early Holocene, followed by a drying trend through the middle Holocene (11.6-3.2 ka). However, during the late Holocene, after 3.2 ka, a permanent ∼1ЊC increase in alkenone sea surface temperature (SST) signaled a warming of fall and winter SSTs (Barron et al. 2003; fig. 2 ). Contemporaneous terrestrial-derived pine pollen alternating with more alder and redwood pollen indicate rapid changes in moisture and seasonal temperature and are evidence for increased magnitude and frequency of El Niñ o-Southern Oscillation cycles (Barron et al. 2003 ; for interpretations of enhanced ENSO in the southwestern United States and southern California, see also Piechota et al. 1997; Cayan et al. 1999; Kirby et al. 2005; Masters 2006 ). The ENSO cycle is the major source of annual-to-decadal climate variability worldwide, and the coast of California is especially sensitive to ENSO phase (Masters 2006) . During El Niñ o events, winter storms come from the west and strike California directly with strong winds and high waves, and as a result, precipitation and fluvial discharge are increased in southern California (Philander 1990; Masters 2006) .
Data and Methods
For comparison with the terrestrial record, groundtruth data were obtained for the Newport deep-sea depositional system in the form of lithologies and 32 radiocarbon ages determined from 10 piston cores (!5 m below seafloor) collected during U.S. Geological Survey cruises O-2-99-SC and A-1-03-SC (U.S. Geological Survey 1999 Survey , 2003 figs. 1, 3) . Cores were collected from different subenvironments of the Newport system, including canyon, channel, overbank, and splay elements (Normark et al. 1993; Posamentier and Kolla 2003) , and described at centimeter-scale resolution (figs. 1, 3). Sediment samples were dated by accelerator mass spectrometry (AMS) 14 C using foraminifera. C by NOSAMS. Raw radiocarbon ages were then converted to calibrated ages using the CALIB program, version 5.0.1 (Stuiver and Reimer 1993) . A reservoir age of 1750 yr was chosen for the benthic foraminiferal samples (Mix et al. 1999 ). An 800-yr reservoir age was used for the planktic foraminiferal samples with radiocarbon ages !12,000 yr (Southon et al. 1990; Kienast and McKay 2001) , and a 1100-yr reservoir age was used for those 112,100 yr old (Kovanen and Easterbrook 2002) . Calibrated ages were used in this study. Calibrated ages were !16 ka, with the majority !10 ka (table  1) .
Holocene and latest Pleistocene deposition rates were measured between calibrated radiocarbon samples from six cores, each with more than three radiocarbon ages (cores 508, WT1, WT2A, WT3, H4, 646; fig. 4a ; tables 1, 2). Normalized deposition rates are shown in figure 4b in order to highlight similar relative variability in rates between cores from different subenvironments of the Newport system. Therefore, variability in average rates for 1-k.yr. intervals from these six cores generally represents the depositional trends of the Newport Fan ( fig. 5a; table 3 ). Average rates were calculated since 10 ka for comparison to various Holocene climate proxies ( fig. 5a; table 3 ). The 10-ka limit on deposition rates was chosen because of the larger number of calibrated ages !10 ka and because comparative paleoclimate studies are predominantly focused on the Holocene (e.g., Kirby et al. 2007 ).
Southern California Sediment Routing and Deposition
Piston cores predominantly include abundant organic material and exhibit a range of grain sizes from mud to very fine-grained sand, with local coarser-grained sand and pebble-sized mud balls ( fig. 3) . Silt-and sand-rich beds exhibit subtle normal grading and local traction structures (i.e., plane and ripple laminae; fig. 3 ). Muddy, featureless beds are interpreted to be deposits of hemipelagic mud out of suspension (Stow and Piper 1984) . Coarsergrained beds are interpreted to be the deposits of sediment gravity flows (Bouma 1962; Lowe 1982) . A piston core from the axis of the Newport channel, at ∼720 m bpsl (WT1A), is relatively short (30 cm), presumably as a result of limited penetrability through the coarse-grained, channel floor substrate ( figs. 1, 3 ). Similar to all the cores described in this study, core WT1A includes interbedded hemipelagic mud and turbidite sand. A radiocarbon age at the base of the core is 667 yr BP (table 1), which indicates that the Newport channel was active during the present highstand of sea level since the Last Glacial Maximum (LGM) at ∼20 ka (Lambeck and Chappell 2001; Normark et al. 2009 ).
Holocene and latest Pleistocene deposition rates between radiocarbon samples range from ∼8 to 133 cm/k.yr. ( fig. 4a; table 2 ). Average deposition rates for 1-k.yr. intervals since 10 ka range from ∼20 to 28 cm/k.yr. ( fig. 5a ; table 3). Deposition rates were similarly large during the latest Pleistocene to early Holocene transitional period (17 ka) and a period during the latest Holocene (!3 ka; figs. 4, 5a). Deposition rates were smallest during the middle Holocene period from 7 to 3 ka (figs. 4, 5a). These depositional trends occurred during a period of rapid sea level rise between the LGM at ∼20 ka and stillstand after ∼6 ka (Lambeck and Chappell 2001; fig. 5 ). Pre-Holocene deposition rates were not calculated at 1-k.yr. intervals for analysis; however, visual inspection of sediment thicknesses and ages for the cores WT2A, WT3, and 646 ( fig. 3) , which include ages 110 ka, and consultation of table 2 suggests that rates were relatively large (e.g., as large as 133 cm/k.yr. from 12.90 to 13.05 ka in core 646).
Discussion: Highstand Fan Deposition and Climatic Signal Propagation
Variability in Holocene deposition rates on Newport Fan is similar to contemporaneous variability in proxy measurements of California climate (e.g., Barron et al. 2003; Kirby et al. 2007; fig 5) . Larger deposition rates during the early Holocene (17 ka) correspond with a wetter climate, which resulted in increased discharge of water and sediment from southern California rivers (Barron et al. 2003; Kirby et al. 2007; fig. 5 ). This increased discharge facilitated the delivery of sediment to the Newport deepsea depositional system. Smaller deposition rates during the middle Holocene (7-3 ka) correspond with a drying trend (Barron et al. 2003; Kirby et al. 2007; fig. 5) . Diminished precipitation appears to have inhibited the transfer of sediment from land to sea. Another possibility is that Holocene marine transgression temporarily disconnected the Newport Canyon from the Santa Ana River from ∼7 to 3 ka. However, this possibility is unlikely as a result of evidence for continued turbidite deposition during this period, according to Newport deep-sea piston cores ( fig. 3 ). During the late Holocene (!3 ka), more rapid deposition is likely a result of enhanced ENSO frequency and magnitude in southern California (Piechota et al. 1997; Cayan et al. 1999; Barron et al. 2003; Kirby et al. 2005; Masters 2006 ; fig. 5 ). Increased sediment flux from the Santa Ana River to the Newport deep-sea depositional system has been documented during twentiethcentury ENSO conditions (Warrick and Milliman 2003) . Climate proxies of Kirby et al. (2007) from Lake Elsinore lack evidence of late Holocene ENSO conditions ( fig. 2 ). This omission might be because proxies from Lake Elsinore represent local climate variability relative to the deep-sea records, which are the manifestation of forcings that operated over an entire sediment-routing system, from terrestrial source areas to deep-sea sinks. In semiarid settings, like southern California, climatic variability can control terrestrial vegetation (Heusser 1978) , which can also impact the transfer of sediment to deepsea sites of deposition (Douglas 1967; Hooke 2000; Vanacker et al. 2007 ). However, the relatively steep topography of the tectonically active Santa Ana River drainage basin and strong positive relationship between Holocene climate proxies and deepsea deposition suggests that the effects of vegetation on sediment storage and release are minor here, at least during the Holocene. Pre-Holocene climate data for comparison are generally lacking; however, it is possible that relatively large preHolocene rates are a result of lower sea level facilitating the activity of numerous deep-sea canyons and channels of the Newport system and adjacent slope, rather than just a single canyon and channel, such as during the Holocene marine transgression and highstand (cf. Posamentier et al. 1991 ). Here we demonstrate the utility of deep-sea turbidite depositional trends as paleoclimate proxies in a southern California source-to-sink sedimentary system, which might be useful in other spatially restricted settings.
"Reactive" versus "Buffered" Sediment-Routing Systems. Why are climatic signals rapidly propagated through the southern California sediment-routing system of this study, especially despite significant sea level change during the Holocene (∼50 m since 10 ka; Lambeck and Chappell 2001; fig. 5b )? Recent studies of deep-sea deposition during sea level highstands, especially from spatially restricted sediment-routing systems in southern California, have demonstrated the importance of connectivity between terrestrial and submarine segments of routing systems (Covault et al. 2007; Normark et al. 2009; Romans et al. 2009 ). Offshore southern California, tectonic deformation creates steep slopes outboard of narrow shelves, and as a result, canyonhead incision across the shelf can keep pace with transgression of the shoreline ). In this way, deep-sea conduits can maintain connections to nearby hinterland source areas and deliver sediment to fans regardless of sea level. As a result, terrestrial changes rapidly impact deposition in the deep sea. Allen (2008b) called such sediment-routing systems, that is, those in which the land-or seascape responds rapidly to a perturbation, "reactive." The Hueneme Fan, which is the submarine depositional component of a reactive southern California sediment-routing system analogous to the system of this study, also exhibits increased delivery of sediment to the deep sea in re- sponse to ENSO variability since ∼3 ka ). In contrast, transient sediment storage in larger sediment-routing systems that drain entire continents can introduce significant lags between terrestrial climatic forcings and deep-sea deposition (Milliman and Syvitski 1992; Mé tivier and Gaudemer 1999; Castelltort and Van Den Dreissche 2003; Allen 2008a ). Allen (2008b) called such systems "buffered." Figure 6 shows the Mississippi River drainage basin, which extends across the continental United States. The large size of the terrestrial segment of this sediment-routing system, including an extensive lowland flood plain, affords more opportunities for sediment to be sequestered in accommodation en route to the Mississippi Canyon relative to the much smaller southern California system of this study ( fig. 6 ). The buffering timescale in such settings might exceed millions of years, and as a result, deep-sea records of perturbations and sediment flux from land to sea might be unrecognizable (Allen 2008a) . It is important to note, however, that the Mississippi River delivered voluminous subglacial meltwater discharge and sediment to the submarine canyon and fan during marine transgression at least until ∼12 or 11 ka (Kolla and Perlmutter 1993) . But when the deep-sea segment of the Mississippi sedimentrouting system shut down during the Holocene, sediment was predominantly retained in terrestrial and shallow-marine settings until the next sea level fall (Kolla and Perlmutter 1993) .
As we alluded to in the discussion of the Mississippi system, not all large sediment-routing systems are continuously buffered. For example, large high-latitude systems are sensitive to climatic variability associated with glacial-to-interglacial transitions, during which catastrophic floods can rapidly transport sediment thousands of kilometers from source to sink (Brunner et al. 1999; Zuffa et al. 2000; Normark and Reid 2003; Piper and Normark 2009) . Figure 6 shows the relatively large Columbia River drainage basin, which fed sediment to the Astoria Canyon during the Lake Missoula and other latest Pleistocene floods (Normark and Reid 2003) . Radiocarbon age dates from ODP sites 1037 and 1038, which are 11000 km from the Columbia River mouth along a deep-sea conduit, corroborate the synchronicity of deep-sea deposition and terrestrial flooding (Brunner et al. 1999; Zuffa et al. 2000) . Similar to the smaller southern California sediment-routing system of this study, the Columbia River-to-Astoria deep-sea depositional system is, at least temporarily, reactive. That is to say, the sedimentary processes inherent to highlatitude systems (i.e., extreme sensitivity to subglacial conditions) temporarily facilitate relatively efficient sediment flux to the deep sea (cf. the Lau-rentian Channel and other high-latitude systems of the eastern Canadian margin; Piper and Normark 2009) . Therefore, such reactive sediment-routing systems, both large and small, can at least temporarily rapidly propagate climate and sedimentflux signals, and as a result, changes in the rates and character of deep-sea deposition might faithfully reflect terrestrial climatic fluctuations.
Conclusions
We employ an integrated piston-core and radiocarbon-age data set from the Newport deep-sea depositional system, and on-and offshore California climate proxies, in order to test the hypothesis that climatic signals are rapidly propagated from source to sink in a spatially restricted, consistently linked sediment-routing system. Variability in Holocene Newport deep-sea fan deposition rates is related to contemporaneous variability in proxy measurements of California climate: larger deposition rates during the early and late Holocene epoch correspond with increased precipitation and complex ocean-atmosphere interactions, which promoted rapid funneling of sediment through the routing system. This relationship is evident because, unlike many sediment-routing systems, the Newport submarine canyon-and-channel system was consistently linked to the Santa Ana River, which promoted sediment delivery in spite of evidence of significant sea level rise (∼50 m; Lambeck and Chappell 2001) . The efficiency of sediment transport and delivery in this southern California routing system indicates that, in reactive systems, deep-sea fan deposition can be useful in the assessment of past climate. E. Hilley for insightful discussions. We thank the ships, crew, and scientific parties of U.S. Geological Survey cruises O-2-99-SC and A-1-03-SC. We also thank B. Normark for his mentorship and inspiration. We thank three anonymous reviewers for their constructive comments. J. A. Covault dedicates this work to Katherine and Orion Covault, whose labor and arrival, respectively, allowed for this study to be completed.
